Abstract: Our observations indicate the vertical distribution of zooplankton and its seasonal changes in Dubník II reservoir (Slovakia) are determined mainly by the thermal regime of the reservoir, by transparency, and by fish and invertebrate predation. During periods of circulation, zooplankton vertical distribution in the whole water column was more homogeneous, whilst during summer temperature stratification zooplankton concentrated in the epilimnion -rotifers in higher layers than crustaceans. During summer stagnation a steep thermal gradient occurred at the boundary of the epi-and hypolimnion and low temperature and low dissolved oxygen in hypolimnion offered a refuge for Chaoborus flavicans larvae against fish, enabling coexistence of vertebrate and invertebrate predation. This evidence supports our previous findings concerning dominance of rotifers in zooplankton and representation of crustaceans by small-bodied species in the study reservoir. Steep thermal gradient and the presence of Chaoborus larvae caused very low zooplankton abundance in the lower part of the water column and a reduction of cladocerans refuges against fish to layers of thermocline or closely under thermocline where Daphnia cucullata and Daphnia parvula were found. Our previous assumptions about the high density of zooplanktivorous fish in Dubník II reservoir are supported by the fact that these small cladocerans are represented by smaller individuals in the upper layers and bigger individuals in deeper layers.
Introduction
Zooplankton vertical distribution is a classic example of optimal habitat choice influenced by many abiotic and biotic factors, whose character and importance change in space and time (Lampert et al., 2003) . One of the most important biotic factors influencing zooplankton is predation of zooplanktivorous fish, which affects their species composition and size structure (Hrbáček, 1958 (Hrbáček, , 1962 Hrbáček et al., 1961 Hrbáček et al., , 2003 Grygierek, 1962; Brooks & Dodson, 1965) , as well as inducing zooplankton vertical migration to deeper cooler water layers (e.g., Zaret & Suffern, 1976; Stich & Lampert, 1981; White, 1998; Masson et al., 2001) . As zooplankton avoid the surface layers in the absence of zooplanktivorous fish, light is considered to be a further important factor (e.g., Boeing et al., 2004) . Visible light indirectly affects most zooplankton species to some extent positively by influencing the distribution of their food -phytoplankton, but natural light also consists of short-wave radiation. Negative influences of UV radiation on zooplankton and the consequent negative phototaxis is well documented (e.g., Kerfoot, 1985; Leech & Williamson, 2001; Rhode et al., 2001) . Negative phototaxis caused by UV radiation is enhanced in the presence of zooplanktivorous fish (or their chemical signals -kaironomes), and that is why mainly crustaceoplankton concentrate in deeper layers (Gliwicz, 1986; Ringelberg, 1991) . In addition to light, vertebrate predators and food, zooplankton vertical distribution and its seasonal and diurnal changes (diurnal vertical migration -DVM) are also modified by many other factors, such as water temperature and movement (circulation and stratification; Rosado & Lucena, 2001) , water transparency, turbidity and colour (e.g., , way of water outflow (Pehlivanov, 2000) , reservoir depth (Vilček, 1972) , trophic state (Lampert, 1989; Baiao & Boavida, 2000) , dissolved oxygen content (e.g., Jiliberto & Zuniga, 2001) , invertebrate predators (Salonen et al., 1993; Boeing et al., 2004; Rautio et al., 2003) , competition, and others. The organisms must select some trade-off between maximum energy input and faster population growth in the upper layers (with higher temperature and more food) on one hand and maximum protection against visual predators in deeper layers (with lower temperature) on the other hand (Lampert, 1989) . This trade-off theory pre- Month  IV  V  VI  VII  VIII  IX  X  XI  XII  Year  96 97 96 97 96 97 96 97 96 97 96 97 96 97 96 97 96 97 Asplanchna priodonta Gosse, 1850
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• -statistically significant differences in abundance between individual depths (P < 0.05), i.e. heterogeneous distribution.
• -statistically non-significant differences in abundance between individual depths (P < 0.05), i.e. homogeneous distribution.
dicts that in the presence of predation pressure, food availability and thermal gradient should determine the pattern of vertical migration. In temperature stratified reservoirs of the temperate zone, zooplankton for most of the year are concentrated mainly in the epilimnion with an abundance maximum most often at 1-2 m depth or in the middle of the water column (e.g. Kubíček, 1959 Kubíček, , 1968 Vilček, 1972) . Brandl (1977) , using an echo-sounder, found that in deep reservoirs with a sharp thermocline, sinking zooplankton are concentrated closely above it. In our study we examined the vertical distribution of pelagial zooplankton and factors affecting its seasonal changes in a middle-sized dimictic valley reservoir Dubník II (near Stará Turá town, W Slovakia) during a two year study. Unfortunately we could not examine the phytoplankton, one of the important factors influencing zooplankton vertical distribution. However, the study of zooplankton vertical distribution can help us understand important interspecific relations e.g. competition and predation, and can support and explain findings published in our previous paper (Hudcovicová & Vranovský, 2000) . In the previous article we predicted a high density of zooplanktivorous fish stock in Dubník II reservoir with respect to the high dominance of rotifers in zooplankton abundance and biomass, the representation of crustaceans by small-bodied species and the absence of the "clear-water phase".
Study site and methods
A description of Dubník II reservoir, its main physical and chemical properties (e.g. water temperature, transparency, oxygen content, pH), results of zooplankton structure study as well as seasonal changes in this reservoir during our study in 1996-1997 can be found in HUDCOVICOVÁ & VRA- NOVSKÝ (2000) . There is also more information about the methods used in this paper.
Results
Depth represents a gradient of many factors, which influence the vertical distribution of zooplankton (such as light, temperature, oxygen, pH, food gradient). The results of one-factor analysis of variance (ANOVA) or the Kruskal-Wallis test, used for testing of depth influences on zooplankton vertical distribution are shown in Table 1 . Almost during the entire period of occurrence of Polyarthra spp., Keratella cochlearis, Kellicottia longispina, Filinia longiseta, Bosmina longirostris and adult Thermocyclops oithonoides, we found statistically significant differences in abundance between individual depths (P < 0.05) suggesting a marked heterogeneous distribution of the taxa mentioned. The vertical distribution of the main zooplankton representatives and Chaoborus flavicans (Meigen, 1818) larvae is shown in Fig. 1 . During periods of circulation, zooplankton inhabited the entire water column more homogeneously with the exception of some increase at the bottom in early spring and at the surface in late autumn. With the development of summer temperature stratification, zooplankton concentrated in the upper layers with the maxima at the surface (mainly rotifers) or at 2 m depth (mainly crustaceans). Later during summer with the thermocline dropping, maxima of most zooplankton representatives also dropped, while adult copepods (Eudiaptomus gracilis and to some extent T. oithonoides) maxima were found primarily at twice the transparency depth (2 m depth) in summer 1996. During summer stagnation a steep thermal gradient occurred at the boundary of the epi-and hypolimnion, low oxygen content and C. flavicans larvae appeared in the hypolimnion until October and zooplankton abundance in this lower part of the water column was very low. It started to be inhabited by zooplankton with the development of the autumn circu-lation, especially when temperature and oxygen conditions were more homogeneous in the entire water column and Chaoborus larvae disappeared (in November).
There were some differences in seasonal patterns of zooplankton vertical distribution in the study reservoir between 1996 and 1997. These differences were caused by two main factors, namely the longer lasting winter in 1996 and the flood in July 1997. A delayed ice thaw in 1996 (at the beginning of April) caused the spring circulation to form later and last for a shorter period of time (warm weather in May already led to the formation of temperature stratification). In 1997, ice had already thawed in the middle of March, which enabled earlier formation and a longer duration of spring circulation than in 1996. This caused improved mixing of the whole water column and earlier water warming in deeper layers than in 1996. This fact, together with marked warming of the surface layers to 23
• C, probably caused differences in zooplankton vertical distribution in June 1997 compared to June 1996. Mainly in June 1997, the maximum abundance of most taxa occurred in deeper layers than in 1996. Maximum abundance of many representatives was at a depth of 4 m -closely under the thermocline (which was between 2 and 4 m in June 1997), e.g., B. longirostris, Daphnia cucullata, D. parvula, T. oithonoides and E. gracilis, while maximum abundance of Keratella quadrata and Cyclops vicinus was at 6 m depth. The flood in July 1997 with epilimnion cooling disturbed the temperature stratification, so that partial circulation took place and consequently a thermocline was created at 1-2 m depth. This caused a vertical distribution of zooplankton different from July and August 1996. In July 1997 maximum abundance of most representatives was found near the surface or at 6 m depth, or two peaks occurred in both these layers (as a consequence of partial circulation). Following the disturbed temperature stratification the thermocline settled at a depth between 4 and 6 m only in September, while in 1996 it was created already in July. After the flood in July 1997 water transparency, dissolved oxygen content, pH as well as zooplankton abundance decreased.
Discussion
Zooplankton vertical distribution in most temperate and subtropical zone reservoirs is markedly influenced by shifting of circulation and stagnation periods (Seďa & Macháček, 1998) , but it also reflects habitat preference of species and important food-web relations. In the Dubník II reservoir, at the beginning of the spring circulation, we found the onset of homogeneous vertical distribution in almost the entire water column with some abundance increase in the near-bottom layers in both study years after ice thawing. This phenomenon was also observed in other reservoirs, e.g., Ventela et al. (1998) found a higher presence of Eudiaptomus graciloides adults near the bottom in March. Greater abundance of zooplankton near the bottom in spring was also found by Kubíček (1959) and Hindák (1969) . In our study, greater abundance was observed near the bottom not only for copepods (overwintered individuals of T. oithonoides with encystation discs, adults of C. vicinus and E. gracilis) but also for rotifers, e.g., K. quadrata, K. cochlearis, Kellicottia longispina. A similar event in spring, together with an increase in phytoplankton near the bottom, was found by Bielańska-Grajner (1983 -1984 who suggested that rotifers' vertical distribution was influenced by temperature, oxygen content as well as by phytoplankton distribution. (Fig. 1) .
Zooplankton vertical distribution in Dubník II was becoming more heterogeneous with the formation of temperature stratification and increased abundance occurred in the layers with suitable conditions for certain taxa. Abundance in deeper layers (6-8 m) was normally very low and it increased in the upper layers (0-4 m), as found by other authors, e.g., Kubíček (1959) in Vranovská reservoir, Vilček (1971) in Zemplínska Šírava reservoir, Bielańska-Grajner (1983 /1984 in Plawniowice Duże reservoir. In Dubník II, maximum abundance of some representatives was near the surface at the start of temperature stratification formation (especially thermophilic rotifers F. longiseta, K. cochlearis, Polyarthra spp., partly Asplanchna priodonta and nauplii) and with the thermocline dropping, their maximum increased towards the bottom, as Armengol et al. (1993) noted in rotifers. Maximum abundance of other representatives in Dubník II at the beginning of stratification was found at 2 m depth (K. longispina, K. quadrata, Pompholyx sulcata, D. cucullata, B. longirostris, and partly copepodids and adult T. oithonoides) and with the thermocline dropping their maximum also dropped. However, E. gracilis had stable marked abundance maximum at 2 m depth during the whole summer stratification in 1996, demonstrating twice the transparency (Secchi) depth as was typical during stratification for more species in La Concepción reservoir (Rosado & Lucena, 2001) . Dependence of copepod vertical distribution on transparency was also found by Winder et al. (2003) . Conversely, Vuorinen et al. (1999) and Easton & Gophen (2003) found a relationship between copepod vertical distribu-tion and thermocline and oxycline movements, which could partly explain changes of vertical distribution of E. gracilis in 1997 and T. oithonoides in Dubník II. Jiliberto & Zuniga (2001) explained the fixation of Daphnia ambigua to layers closely above the thermocline and under the oxycline by its positive correlation with temperature and negative correlation with oxygen content, leading to use of these layers as a refuge against zooplanktivorous fish. Our previous assumption concerning high density of zooplanktivorous fish stock in Dubník II reservoir causing an absence of large cladocerans (Hudcovicová & Vranovský, 2000) is also supported by the vertical distribution of small cladocerans. In spite of the fact that cladocerans are represented by small species in this reservoir, we can see the influence of fish predation pressure also on them (especially on D. cucullata and D. parvula). First, during daytime their abundance is concentrated mostly at thermocline depth or closely below it (see also Lampert, 1989; Ringelberg, 1991) , and second, they are represented by smaller individuals in the upper layers than in lower ones (Tabs 2, 3), whereby predation risk is minimized (De Stasio et al., 1993) . Similar to findings of our results indicate that zooplankton vertical distribution in Dubník II during summer stagnation is probably influenced mainly by temperature and transparency as well as by fish predation pressure. A similar conclusion was made by White (1998) . Zooplankton vertical distribution in Dubník II reservoir also reflects some interspecific relations, e.g. it is interesting to see that the invasive North American species D. parvula, firstly reported from Slovakia by Hudec (1990) , but in W Slovakia found already in 1976 by Vranovský (2003) , had very similar vertical distribution to the native species D. cucullata. It means they can coexist together in spite of competition (similar body size) as also found by Žofková et al. (2002) . We could also see that C. vicinus as one of the invertebrate predators in Dubník II reservoir had an inverse vertical distribution to the vertical distribution of its prey -Polyarthra spp. and B. longirostris in May and October. We also found an inverse vertical distribution in predatory A. priodonta and its prey F. longiseta and Polyarthra spp. in June 1996 and August 1997 (similar to findings of Węgleńska et al., 1997) as well as in predatory C. flavicans larvae and their crustacean prey. The thermocline at the end of summer stagnation in August 1996 and in September 1997 reached a ma- ximum depth between 4 and 6 m in Dubník II. At 6 m depth, where the water temperature was about 6
• C lower than at 4 m depth, and also near the bottom, where anoxia occurred in August and September, zooplankton abundance was much lower than in the upper layers. Shifting to autumn circulation in September 1996 and October 1997 by cooling of the upper layers led to almost the same water temperature from the surface down to a 6 m depth. This was connected to a change in maximum abundance of most zooplankton representatives to 4 or 6 m depth (see also Jiliberto & Zuniga, 2001 ). Only C. vicinus and partly E. gracilis maintained maximum abundance at 2 m depth and T. oithonoides kept peaks at the surface and 4 m depth to the end of stagnation. Zooplankton abundance at 8 m depth remained very low as expected with a low temperature, anoxia and the presence of C. flavicans larvae. According to thermal gradient reduction (temperature difference between 4 and 6 m was only 3
• C) caused by the start of the autumn circulation, D. cucullata and D. parvula increased their abundance at 6 m depth, which is above the layer of anoxia with C. flavicans larvae, as found also in Lake Hiidenvesi by Horpila et al. (2000) . An increased presence of Daphnia species in hypolimnion during the reduction of the temperature difference between epilimnion and hypolimnion has been documented experimentally by Lampert et al. (2003) .
Similarly to spring, we could see more a homogeneous distribution of most representatives in the entire water column (abundance increased also at 6-8 m depth) during the autumn circulation, with abundance peaks at several depths (also recorded by Kubíček, 1959; Bielańska-Grajner, 1983 -1984 . D. cucullata in autumn and in December of both years as well as D. parvula in October 1996 showed a 2-peak vertical distribution (one peak at 2 or 4 m depth and a second at 6 or 8 m depth) similar to the findings of Hindák (1969) in Orava reservoir. A marked increase in abundance of these Daphnia species near the bottom in November and December is probably related to their life cycle (an increased number of males and females), the higher oxygen content and an absence of C. flavicans larvae. In December, we observed the formation of a more heterogeneous distribution by several zooplankton representatives, with an increase in abundance mostly in the upper layers (K. cochlearis, K. quadrata, Polyarthra spp., E. gracilis, T. oithonoides), as also recorded in Plavniowice Duże in December (Bielańska-Grajner, 1983 -1984 and in Veľká Domaša reservoir in January (Terek, 1983) . It means that opposite vertical distribution has developed to that found in the beginning of spring circulation. We predict that during the winter with cooling of the upper layers, zooplankton descends to warmer layers, where it can also be found at the beginning of the spring circulation (March 1997 , April 1996 . A more homogeneous vertical distribution in the entire water column occurs in the later phase of spring circulation (April 1997), which is probably related to an increase in temperature and phytoplankton development connected with nutrient release from the bottom.
The hypolimnic refuge of cladocerans against fish is very important for their abundance, species composition and seasonal succession (Tessier & Welser, 1991) . In Dubník II, as a consequence of unsuitable conditions in the hypolimnion, daytime refuge for cladocerans is during summer stagnation restricted only to thermocline depth or a layer closely beneath it, as observed in other reservoirs (Lampert, 1989; Jiliberto & Zuniga, 2001; Rautio et al., 2003; Boeing et al., 2004) . Low temperature (steep thermal gradient) and low oxygen content in the hypolimnion cause a reduction in DVM of Daphnia species (Lass et al., 2000) , and at the same time offer a refuge for C. flavicans larvae, which reduce DVM of Daphnia species, too. The hypolimnic refuge for C. flavicans larvae enables their coexistence with fish -the simultaneous presence of vertebrate and invertebrate predators. This leads to a reduction in their prey -zooplankton, especially cladocerans, which also tolerate lower oxygen content but cannot use this refuge owing to the presence of Chaoborus sp. larvae (Horpila et al., 2000) . As cladocerans refuge size determines the ratio of large and small cladocerans (Tessier & Welser, 1991) , we suggest that the high zooplanktivorous fish stock in Dubník II supports small species of cladocerans not only directly by predation (Hudcovicová & Vranovský, 2000) but also indirectly by a reduction in cladocerans refuges, as unsuitable fish stock contributes to low oxygen content and to the presence of Chaoborus larvae near the bottom. Improvements, also relating to water quality, could be carried out by enhancement of pike-perch Sander lucioperca (L., 1758) and pike Esox lucius (L., 1758) stocks, as recommended in our previous study (Hudcovicová & Vranovský, 2000) .
